Rearing rats in isolation has been shown to produce behavioral and neurochemical alterations similar to those observed in psychoses such as schizophrenia. Also, a dysregulation in both the endocannabinoid and dopaminergic systems has been implicated in schizophrenia. The aim of this study was to determine if there are differences in CB 1 receptor and fatty acid amide hydrolase (FAAH) protein expression, as well as D 2 dopamine receptor expression in different brain regions in rats reared in different environmental conditions. Twenty-one day old male Sprague-Dawley rats were either reared in individual cages (isolated rats) or in group cages of 6 per cage (group housed rats) for 8 weeks. Quantitative fluorescence immunohistochemistry was performed on brain slices using antibodies specific to the CB 1 or D 2 receptor, or the enzyme FAAH. Raising rats in isolation led to a significant decrease in CB 1 receptor expression in the caudate putamen and the amygdala, a significant increase in FAAH expression in the caudate putamen and the nucleus accumbens core and shell, and no significant change in D 2 receptor expression in any region studied. These results indicate that the endocannabinoid system is altered in an animal model of aspects of psychosis. This implies that rearing rats under different housing conditions may provide new insight into the role of the endocannabinoid system in the development of psychoses.
Introduction
Rearing rats in isolation for eight weeks following weaning has long term effects that are thought to arise from the lack of sensory information and input from social contact that is important for the normal development of brain structure and neurotransmitter function (Muchimapura et al., 2002) . Isolation rearing produces a number of post-pubertal behavioral and neurochemical changes, some of which are similar to those observed in psychoses such as schizophrenia Muchimapura et al., 2003; Cilia et al., 2005) . The most 3Author for correspondence: Telephone: +61-3-99039576, Fax: +61-3-99039638, Email: E-mail: dan.malone@vcp.monash.edu.au. Section editor: Dr Miles A. Herkenham (Systems neuroscience) notable behavioral change induced by isolation rearing is the disruption in prepulse inhibition (PPI) which is indicative of deficits in sensorimotor gating. PPI is also disrupted in medicated but still symptomatic schizophrenia patients (Braff et al., 1992; Bolino et al., 1994) and in nonmedicated schizotypal patients (Cadenhead et al., 1993) . As opposed to social isolation following weaning, isolation of adult rats does not result in disruptions in PPI and predictive validity of the social isolation model has been shown as disruptions in PPI induced by isolation rearing can be reversed with antipsychotics Varty and Higgins, 1995) . Thus, the social isolation paradigm has been suggested to be an animal model of aspects of psychosis Lapiz et al., 2003; Muchimapura et al., 2003; Roberts and Greene, 2003; Harte et al., 2004) .
A conserved endocannabinoid system has been identified in mammals and includes at least two G-protein coupled receptors (For review see (Petrocellis et al., 2004) . The CB 1 receptor subtype is widely expressed, with particularly high levels in the hippocampus, cerebellum and basal ganglia, and mediates most CNS effects of cannabinoids (Herkenham et al., 1990) . The high densities found in association with limbic cortices suggests an important role of CB 1 receptors in motivational and cognitive information processing (Howlett et al., 2004) . A number of endogenous cannabinoid ligands (endocannabinoids) have been identified, such as the arachidonic acid derivatives anandamide (AEA) and 2-arachidonylglycerol (2-AG). The highest concentrations of AEA can be found in the hippocampus, cortex, thalamus and cerebellum (Porter and Felder, 2001) . Fatty acid amide hydrolase (FAAH) is one of the enzymes involved in endocannabinoid catabolism (Cravatt et al., 1996) . The importance of FAAH in AEA metabolism is demonstrated by the observation that genetic deletion of this enzyme in mice results in 10 to 15 fold elevations in brain AEA (Cravatt et al., 2001) . FAAH activity in the rat brain is highest in the cerebellum, hippocampus and neocortex (Egertova et al., 1998) .
Several lines of evidence support an association between an altered endocannabinoid system and the pathogenesis of psychoses such as schizophrenia. Cannabis use can exacerbate psychosis or precipitate schizophrenia in vulnerable individuals (Hambrecht and Hafner, 2000; van Os et al., 2002; Hall et al., 2004; Henquet et al., 2005) and synthetic CB 1 receptor agonists such as CP 55940 (Mansbach et al., 1996; Martin et al., 2003) and WIN 55212-2 (Schneider and Koch, 2002) have been reported to disrupt sensorimotor gating in rats. However, other studies have not shown cannabinoid-induced disruption of sensorimotor gating (Stanley-Cary et al., 2002; Bortolato et al., 2005) . Also, increases in CB 1 receptor density in frontal cortex subregions have been identified in post-mortem schizophrenic brains (Dean et al., 2001; Zavitsanou et al., 2004) , and elevated levels of AEA were detected in cerebrospinal fluid (Leweke et al., 1999; Giuffrida et al., 2004; Leweke et al., 2007) and blood (De Marchi et al., 2003) of anti-psychotic naïve schizophrenics.
Previous studies involving the dopaminergic system have suggested that D 2 receptors are altered in the striatum (Guisado et al., 1980) and nucleus accumbens (Hall, 1998) of socially isolated rats compared with group housed rats. Perhaps linking D 2 receptors and the endocannabinoid system is the observation that D 2 receptors and CB 1 receptors heterodimerize (Kearn et al., 2005) creating a distinct signal transduction repertoire. Moreover, it has been clearly demonstrated that exogenous and endogenous cannabinoids influence dopamine neurotransmission (for review see (Gardner, 2005) .
We have previously demonstrated that socially isolated rats are more susceptible to disruptions in sensorimotor gating produced by Δ 9 -tetrahydrocannabinol (Δ 9 -THC), the major psychoactive constituent of Cannabis sativa (Malone and Taylor, 2006) . The primary aim of this study was to investigate the relative expression of CB 1 receptor and FAAH protein in a number of brain regions in group housed versus socially isolated rats. Due to the reported involvement of changes in the dopaminergic system in isolated vs group housed rats, and given the ability of the endocannabinoid system to modulate the dopaminergic system and vice versa, the relative expression of dopamine D 2 receptors was also investigated in the same rats.
Experimental Procedures

Animals and Housing
Male Sprague-Dawley rats (bred at the animal facilities of the Victorian College of Pharmacy, Monash University, Parkville) were obtained at weaning (21 days postnatal) and randomly housed either individually (isolated rats) or in groups of 6 (group housed rats) for 8 weeks in opaque, high top plastic cages lined with animal bedding. The cage size for isolated rats was 360 cm × 230 cm × 190 cm (length × width × height) and 540 cm x 360 cm × 190 cm for group housed rats. Both group housed and isolated rats were kept on a reversed lighting 12 h light/ dark cycle (lights on at 1900, off at 0700) and maintained at a temperature of 22°C. The reverse lighting conditions were used for previous experiments where behavioral studies were performed (Malone and Taylor, 2006) . All rats were housed in the same holding room so that socially isolated rats maintained visual, auditory and olfactory contact with other animals but did not have any physical contact. Animals were handled once a week for cleaning purposes. Food and drinking water was available ad libitum.
All experimental procedures were approved by the Victorian College of Pharmacy, Monash University Animal Ethics Committee. All rats received humane care in accordance to the guidelines set out by the National Health and Medical Research Council, as well as to the legal requirements in Australia.
Immunohistochemistry
To identify the relative expression of CB 1 receptors, D 2 receptors and FAAH in group housed and isolated rats, 7 animals from each group were heavily anaesthetised with pentobarbitone (0.3 mL of 325 mg/mL; > 90.0 mg/rat) and transcardially perfused with 200 mL phosphate buffered saline, pH 7.4 (PBS), followed by 200 mL of a fixative composed of 4% v/v formaldehyde in PBS. Rats were decapitated using a guillotine and whole brains were removed and postfixed in 4% v/v formaldehyde and 10% w/v sucrose in PBS at 4°C overnight. The following day brains were transferred to a solution containing 4% v/v formaldehyde and 30% w/v sucrose in PBS at 4°C for 48 h. Brains were then frozen using solid carbon dioxide (dry ice, −70°C) and stored in a −80°C freezer. Coronal rat brain sections were examined to find those specimens that most closely matched the bregma level identified in the Rat Brain Atlas of Paxinos and Watson (1998) . 40 μm thick sections containing either the prefrontal cortex (at approximately 4.7 mm rostral to bregma), the nucleus accumbens core and shell, the cingulate cortex, the caudate putamen (at approximately 1.6 mm rostral to bregma), the hippocampus (containing specific hippocampal regions CA1, CA2 and CA3), the amygdala (at approximately 3.3 mm caudal to bregma), the substantia nigra (at approximately 4.8 mm caudal to bregma) or the brainstem (at approximately 12.72 mm caudal to bregma) were cut on a cryostat (CM 1850, Leica, Gladesville, NSW, Australia) and placed in PBS until processed for immunohistochemistry.
All immunostaining procedures were performed on free-floating sections. For the double labelling of: 1. CB 1 receptors and D 2 receptors, and 2. CB 1 receptors and FAAH, rat brain sections were rinsed 4 times in PBS for 5 min each and blocked in PBS containing 5% v/v normal donkey serum (Chemicon International, Temecula, CA, USA) and 0.1% v/v Triton X-100 for 1 to 2 h at room temperature. To allow for concurrent evaluation of two antigens, sections were incubated overnight at 4°C in a cocktail of primary antibodies to which 2.5% v/ v normal donkey serum and 0.1% v/v Triton X-100 in PBS were added. Either a combination of: 1. Goat anti-CB 1 -CT raised against residues 401-473 of the rat CB 1 receptor (1:2500 dilution) and rabbit anti-D 2 antibody raised against residues 216-311 of the human D 2 receptor (1:1500 dilution) or 2. Goat anti-CB 1 -CT (1:2500 dilution) and rabbit anti-FAAH raised against the last 102 amino acid residues of rat FAAH (1:5000 dilution) was employed. The goat anti-CB 1 receptor has been characterized previously and is specific in adsorption controls using the antigenic peptide sequence (Harkany et al., 2003) .
The affinity purified rabbit anti-D 2 antibody was raised in the laboratory of authors CK and KM at the University of Washington against previously identified epitopes of the D 2 receptor (McVittie et al., 1991; Boundy et al., 1993b; Boundy et al., 1993a; Chazot et al., 1993) . This antibody has been shown to be specific by positive immunolabeling in human embryonic kidney (HEK) cells transiently transfected with the pcDNA-FLAG-D2L plasmid (Kearn et al., 2005) . In addition, Western blots and adsorption controls have been performed in rat brain membranes and brain slices to further establish the specificity of the D 2 antiserum (Pickel et al., 2006) .
The rabbit anti-FAAH antibody was generated against a glutathione-S-transferase fusion protein by inserting the coding sequence for the terminal 102 amino acids of rat FAAH into a pGEX-3X vector by standard methods. The antibody was affinity purified and recognized recombinant FAAH expressed in HEK293 cells, but exhibited no detectable immunoreactivity to wild-type cells and recognized a single band by Western immunoblot (data not shown). Additionally, Helliwell et al. (2004) have demonstrated the utility of this antibody for immunocytochemistry (Harkany et al., 2003; Helliwell et al., 2004) . All three antibodies were generated in the laboratory of authors CK and KM at the University of Washington.
Sections were extensively rinsed in PBS containing 0.05% v/v Tween 20 (four washes of 15 min each) and then incubated with a mixture of Alexa Fluor ® 680 conjugated donkey anti-goat IgG (H+L) (1:5000 dilution; Molecular Probes, Eugene, OR, USA) and IRDye ® 800CW conjugated donkey anti-rabbit IgG (H+L) (1:1500 dilution; Rockland Immunochemicals, Gilbertsville, PA, USA) which was diluted in PBS containing 2.5% v/v normal donkey serum and 0.1% v/v Triton X-100 for 2 h at room temperature. Following incubation, sections were then washed four times for 15 min each with PBS containing 0.05% v/v Tween 20 and were finally rinsed in PBS and water, respectively (four times of 5 min each), and mounted onto fluorescence-free glass slides and air dried. The fluorescent immunocomplexes were then detected using a LI-COR Odyssey Imaging ® System (21 μm resolution, 1 mm offset at the highest quality setting). Channel sensitivity was optimized for each set of stained sections then maintained for that group of samples. Typical sensitivity settings ranged from 1.5 to 3.0.
The relative location of the brain tissue slice and identification of brain regions were determined with the aid of a Rat Brain Atlas (Paxinos and Watson, 1998) . Integrated intensities of CB 1 receptor, D 2 receptor and FAAH immunoreactivity were determined with the associated Odyssey software. Integrated intensity values measured from the external capsule of each slice were used to account for background staining of brain regions of interest from all slices except for slices containing the prefrontal cortex and brainstem. Results are expressed as integrated intensity counts per mm 2 and are presented as mean ± standard error of the mean (SEM; n = 7 per group). Differences were determined by an analysis of variance for the integrated intensity of each protein investigated (CB 1 receptor, D 2 receptor and FAAH) with housing condition as the between subjects factor. Differences were considered significant when P values were less than 0.05. Statistical analyses were performed with GraphPad Prism version 4.0.
Results
The binding of the Alexa Fluor ® 680 conjugated donkey anti-goat IgG and IRDye ® 800CW conjugated donkey anti-rabbit IgG was specific for the primary antibodies used as incubation of these secondary antibodies with no primary antibodies failed to produce any significant fluorescence ( Figure 1A and C) . In group housed rats, CB 1 , D 2 and FAAH expression was observed in all brain regions investigated with the exception of the brainstem.
In the caudate putamen there was a significant reduction in CB 1 receptor expression (F 1,13 = 5.883, P < 0.05; Figure 2B and E), a significant increase in expression of FAAH protein (F 1,13 = 4.813, P < 0.05; Figure 2C and F) and no significant effect on D 2 receptor expression ( Figure 2D and G) in socially isolated rats when compared with group housed rats ( Figure 2H) . In both the nucleus accumbens core (F 1,13 = 6.195, P < 0.05) and shell (F 1,13 = 5.198, P < 0.05) there was a significant increase in FAAH expression ( Figure 3C and F) and no change in CB 1 ( Figure 3B and E) or D 2 ( Figure 3D and G) receptor expression in socially isolated rats when compared with group housed rats ( Figure 3H and I ).
There was a significant decrease in CB 1 receptor expression in the amygdala (F 1,13 = 7.211, P < 0.05) of socially isolated rats when compared with group housed rats ( Figure 4B and E). No significant difference in FAAH ( Figure 4C and F) or D 2 receptor ( Figure 4D and G) expression was detected in the amygdala of socially isolated rats compared with group housed rats ( Figure 4H ).
The expression of CB 1 receptors, D 2 receptors or FAAH in the other brain regions evaluated, the prefrontal cortex, hippocampus (or specific hippocampal regions CA1, CA2 and CA3), Cg1, Cg2 and substantia nigra, were not significantly different in socially isolated rats when compared with group housed rats (data not shown).
Discussion
The present study investigated the effect of social isolation on CB 1 and D 2 receptor expression as well as FAAH protein expression in specific brain regions implicated in sensorimotor gating and psychoses. The immunohistochemistry approach was chosen because of the ability to evaluate the concurrent expression of CB 1 and D 2 receptors, as well as the metabolic enzyme FAAH in specific brain regions using thoroughly characterized antibodies. Relative expression of these proteins in brain regions from socially isolated compared with group housed rats was able to be performed as brain slices from the differently housed rats were processed simultaneously.
Schizophrenia is thought to be at least in part a developmental disorder (Weinberger, 1995) . Isolation rearing of weaned rats for eight weeks produces behavioral and neurochemical changes similar to those seen in schizophrenia and has therefore been suggested as an animal model of aspects of psychosis (Geyer et al., 2001; Lapiz et al., 2003; Leng et al., 2004) . However, the reductions found in CB 1 receptor expression in several brain regions, and the no change in CB 1 receptor expression in the prefrontal cortex and the cingulate cortex are in contrast to previous human studies. Using [ 3 H]CP-55940 binding, a lack of change in the caudate putamen and an increase in CB 1 receptor expression was reported in the prefrontal cortex of schizophrenic patients when compared with control subjects (Dean et al., 2001) . Another study reported an increase in CB 1 receptors in the cingulate cortex of humans with schizophrenia (Zavitsanou et al., 2004) . This may reflect the fact that it is not possible to model all aspects of psychosis in animals due to the subjective nature of the disease. Also, it has long been known that there are major differences in cortical areas between primates and rats (Kolb, 1984) . Such differences between primate and rat cortices include afferent neurons from the nucleus medialis dorsalis to regions such as the cingulate cortex and prefrontal cortex and cytoarchitectural differences in cortical regions (Kolb, 1984) .
Previous studies have found increased levels of endocannabinoids in blood and CSF of patients with schizophrenia (Leweke et al., 1999; De Marchi et al., 2003; Giuffrida et al., 2004; Leweke et al., 2007) . A possible mechanism leading to the reduced expression of the CB 1 receptors in socially isolated rats is receptor down-regulation in response to an increase in endocannabinoid levels (e.g., AEA). Supporting this hypothesis is the reciprocal increase in FAAH and decrease CB 1 receptor expression observed in the caudate putamen of socially isolated rats. However, a decrease in CB 1 receptor expression was not always accompanied by an increase in FAAH expression. For example, in the nucleus accumbens core and shell, an increase in FAAH expression and no change in CB 1 receptor expression was observed in socially isolated rats compared with group housed rats, while in the amygdala, a decrease in CB 1 receptor expression was observed in isolated rats compared with group housed rats, with no change in FAAH expression. While it is clear that FAAH is the primary enzyme responsible for degrading AEA, other enzymes degrade 2-AG in vivo (Cravatt et al., 2001) , FAAH degrades other fatty acid ethanolamides, including lipids with no activity at cannabinoid receptors such as oleamide (Cravatt et al., 1995) . Also, FAAH is expressed in some regions of the brain that are largely devoid of CB 1 receptors such as the thalamus (Thomas et al., 1997; Tsou et al., 1998) . For these reasons, obligate reciprocal changes may not be expected.
The results of this study show that socially isolated rats had reduced levels of CB 1 receptor expression in brain regions such as the caudate putamen and the amygdala compared with group housed rats. However, we have previously shown that socially isolated rats are more sensitive to the sensorimotor gating disruptive effects of the CB 1 receptor agonist Δ 9 -THC (Malone and Taylor, 2006) . It may be expected that if an increased effect occurred due to CB 1 receptor activation in isolated rats, then one may expect this to be the result of an increase in CB 1 receptor expression in socially isolated rats compared with group housed rats. Whilst multiple explanations may account for this apparent paradox, two prominent findings are evident. Breivogel et al. (1997) have demonstrated that the efficiency of cannabinoid receptors, in terms of capability to activate GTP-binding proteins, is higher in the hypothalamus (an area of relatively low CB 1 receptor expression) as compared with other regions (Breivogel et al., 1997) . It is possible that areas of lower CB 1 receptor expression in isolated rats compared with group housed rats have higher capability to activate G proteins, thus are more efficient in terms of activating intracellular second messenger systems. This may account for the increased sensitivity of Δ 9 -THC in disrupting sensorimotor gating in isolated rats compared with group housed rats (Malone and Taylor, 2006) . Alternatively, it has been hypothesised that since Δ 9 -THC is a partial agonist at CB 1 receptors, some effects of Δ 9 -THC may be mediated by inhibiting endocannabinoid signalling (particularly 2-AG) (Straiker and Mackie, 2005) , suggesting that the mechanism of action of Δ 9 -THC is more complex than merely acting as an agonist at CB 1 receptors.
Rats reared in social isolation showed a significant increase in FAAH expression in the caudate putamen and nucleus accumbens (core and shell). It has been previously reported that CSF levels of AEA are markedly elevated in schizophrenics (Giuffrida et al., 2004) . In addition, De Marchi et al. (2003) found that AEA levels and FAAH mRNA transcripts were higher in blood samples taken from patients during an acute schizophrenic episode compared to the same patients in clinical remission (De Marchi et al., 2003) . It is possible that this increase in FAAH expression is due to an increase in endocannabinoid activity and thus a compensatory increase in FAAH in these regions has ensued to metabolise endocannabinoids. However, whether endocannabinoid levels are altered in rats as a result of social isolation remains an open question. Interestingly, we (Malone et al., 2004) and others (Ballmaier et al., 2007) have shown that PPI gating deficits induced by drugs such as apomorphine can be reversed by pretreatment with the CB 1 receptor antagonist SR 141716 (rimonabant), implying that the endocannabinoid system has a role in modulating sensorimotor gating processes.
Rats reared in social isolation had no significant difference in D 2 receptor immunoreactivity when compared with group housed rats in any region studied. Previous results investigating D 2 receptor expression in socially isolated rats have been conflicting, with an increase (Djouma et al., 2006) , a decrease (Jones et al., 1992) or no effect (Del Arco et al., 2004) on D 2 receptor expression observed in various brain regions compared to group housed rats. This may be due in part to the use of different strains of rat in social isolation experiments including Lister hooded (Jones et al. 1992) , Fawn hooded (Djouma et al. 2006) , Wistar (Guisado et al. 1980) and Sprague-Dawley (Del Arco et al. 2004) . Similarly, differences in the affinity state of the D 2 receptor have been shown using [ 35 S]GTPγS binding in different strains of rats, thus making a comparison between radioligand binding and immunohistochemistry studies problematic (Swerdlow et al., 2006) . In the same strain of rats (Sprague Dawley) used in the present study, it has been reported that social isolation did not alter [ 3 H]-raclopride binding to D 2 receptors in the dorsal or ventral striatum (Del Arco et al., 2004) . These results are in agreement with the findings of the current study that social isolation did not alter D 2 receptor expression in these brain regions.
Conclusions
The present study provides the first evidence that social isolation alters CB 1 receptor and FAAH expression, hence suggesting that isolation rearing affects the endocannabinoid system. The lack of changes in D 2 receptor expression is in agreement with some previous studies, supporting the notion that this aspect of the dopaminergic system is unaffected in socially isolated rats. As isolation rearing is thought to represent an animal model of aspects of psychosis, these results imply there is a dysregulation in the endocannabinoid system of schizophrenics. This alteration of the endocannabinoid system of rats reared in different housing conditions (i.e. isolated vs. group housed rats), provides new insight into the possible role of the endocannabinoid system in schizophrenic individuals. A) Modified image from Paxinos and Watson (1998) 3.3 mm caudal to bregma showing 1) The area depicted in images B-G, 2) The area measured for intensity of staining for the amygdala. Image B, C and D are representative images from group housed rats showing: B) CB 1 expression, C) FAAH expression and D) D 2 expression. Image E, F and G are representative images from socially-isolated rats showing: E) CB 1 expression, F) FAAH expression and G) D 2 expression and H) Effect of social isolation on CB 1 , FAAH and D 2 relative fluorescence density of staining in the amygdala compared with group housed rats. * denotes P < 0.05 when compared with group housed rats (n = 7).
